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ATMOSPHERIC WAVES ON ISENTROPIC SURFACES AS EVIDENCED BY INTER- 
FRONTAL CEILING OSCILLATIONS 

By WOODROW C. JACOBS 
[Scripp Institution of Oceanography La Jolla Calif and U. 8. 

Station, Sa; Diego, 6allI..'kpril 19361 
Weather Bureau Airport 

One cannot long be a student of dynamic oceanography 
without coming to realize the imporbance of wave motion 
in any fluid body. A natural tendency for a meteorologist 
who had undertaken such a study would be to attempt an 
application of the principles of wave motion to that 
greatest of all terrestrial fluid bodies, the atmosphere. 
The formation, characteristics, and effects of ocean waves 
are apparent to all who have viewed the sen, herice i t  is 
only natural that they should have received the attention 
of oceanographers at an early date. Atmospheric waves, 
on the other hand, are not nearly so apparent; arid while 
they may be far greater in magnitude than those in even 
the wildest sea, they are noted by compa.ratively few 
casual observers, and probably for this reason, among 
others, they have not been given proportionate attention 
by meteorologists. However, the formation of smoke 
waves and the high altitude billow cloud has been attrib- 
uted to their effects; and their existence, as evidenced by 

ressure, temperature, wind and precipitation fluctuations, 
%as been studied and described by various investigators. 

Von Helmholtz (l), writing during the latter part of 
the nineteenth centur , showed that whenever two fluids 

velocities, wave motion is induced at the surface of justa- 
position of the two fluids. It seems logical to assume that 
any wave, propagated on the surface of discontinuity 
between two air masses with different entropies, would be 
evidenced by a corresponding wave effect in any cloud 
stratum which might form a t  such a surface through either 
adiabatic or radiative processes of cooling. 

of different densities d ow one over the other with unequal 

CEILING OSCILLATIONS OBSERVED AT SAN DIEGO 

This reasoning appears to be validated by two interest- 
ing cases of interfrontal ceiling oscillation, showing this 
wave effect, which were recently observed by the writer at  
the Weather Bureau Airport Station, San Diego, Calif., 
and which occurred at  times when careful measurement of 
the period and amplitude of fluctuation was possible. 
Ceilings in the Sen Diego area normally remain fairly 
constant,.any change being a slow lowering or a more 
rapid raising coincident with frontal movements, diurnal 
fluctuations, or occasionally, especially with very low 
ceilings, a rapid variation of cloud height with sudden 
changes in wind direction or velocity. 

Shortly after sundown on January 15, 1936, however, 
it was noted that the cloud height appeared to be fluc- 
tuating a great deal; this fact was a matter for some con- 
cern, because ceilings were 0-riginally very low, and it was 
a question of how long flym conditions would remain 

p. m., observations of ceiling height were begun, and meas- 
urements taken a t  intervals of 5 minutes until 8:05 p. m. 
From that time, since it was apparent that the frequent 
oscillatory motion was slowing down, the measurements 
were made at 10-minute intervals until 11:05 p. m. The 
5 p. m. synoptic chart showed the presence of a weak cold 
front a short distance to the northwest of San Diego; 
while at I1 p. m., airway weather reports indicated that 
the front had passed all stations on the coast, and was ad- 

hazardous at Lindbergh Fied. s Accordingly, at  7:05 

vancing rapidly eastward, a fresh NPP (trnnsitional polar 
Pacific) air mass then occupying the entire region. Pre- 
vious to 7 p. m. the ceiling had been lowering slowly, but 
no oscillatory motion was noted until shortly before the 
comprative observations were initiated. The rapid rise 
in ceiling which took place a t  8:45 p. m. (fig. 1) was con- 
cornitant with the passa e of the cold front, and marked 

time changed from the characteristic prefrontal stratus 
to stratocumulus which, at  11 p. m., began to break some- 
what, necessitating the termmation of the interesting 
series of observations. 

An examination of figure 1 reveals that the fluctuations 
before 9 p. m. (previous to the passage of the cold front) 
tend to occur a t  more or less regular intervals. Whatever 
irregularity may be in evidence can be accounted for, in 
part, by the method of observation; a continuous record 
of the ceiling oscillation was not possible. In  each case 
it may be observed that the lag or advancement of the 
wave crest is a whole number of the observational inter- 
vals. Between 7:lO p. m. and 8:45 p. ni. there were six 
complete oscillations, giving an average period of 15.8 
minutes. The amplitudes of the waves, on this occasion, 
were somewhat variable, which would be expected under 
the influence of such rapidly changing physical conditions; 
the average was 22.8 meters with an extreme amplitude 
of 53 meters. The average height of the ceiling during 
the period of oscillation was 185 meters, which for the 
purpose of this study is taken to be the altitude of the 
discontinuity surface, the assumption being that the 
stratus clouds formed directly above this surface. 

On February 22, 1936, a similar situation presented 
itself and observations of d i n  height were made a t  
approximately lO-minute interva f s from 6:15 p. m. until 
11:55 p. m. On this occasion the oscillatory movement 
was even more pronounced than in the preceding case, 
the wave effect being unmistakably present; and a longer 
series of observations was possible, as no front passed the 
station during the period. The cloud layer remained 
uniform and unbroken throughout the entire 6 hours. It 
appears that in this case the discontinuity surface existed 
between a shallow wedge of NPP (transitional polar 
Pacific) air at  the surface and a slowly overrunnin mass 

by PP (polar Pacific) air, did not pass the station until 
shortly after 5 a. m. the next morning, 5 hours after this 
series of observations had been terminated. 

An inspection of the data plotted in figure 1 reveals that 
the fluctuations were definitely isochronal. Between 6: 15 
p. m. and 9:15 p. m. the period between successive crests 
was exactly 40 minutes; this interval shortened somewhat 
during the next hour and one-half, which a later mathe- 
matical consideration will show would be expected of 
waves formed on a steadily lowering discontinuity surface. 
Between 6:35 p. m. and 10:55 p. m. there were seven com- 
plete oscillations giving an average period of 37.1 minutes. 
The average amplitude was 34.6 meters with an extreme 
of 70 meters. The average height of the ceilin from 6:15 

assumed to he the altitude of the discontinuity surface. 
In both of these cases the characteristic weather phe- 

nomena were those which would be expected to precede 
rather than follow the passage of the warm front; such a 

the cessation of the osci f lations. The cloud type at  this 

of TP (tropical Pacific) air above. The cold front, fo f lowed 

p. m. until 10:55 p. m. was 158 meters whic % , again, is 
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_____ the cyclone in this region, since orographic influences are 
of prime importance. There is little doubt that these 
oscillations were Helmholtz waves induced along the sur- 
face of discontinuity between two masses of air of dif- 

shallow wedge of colder maritime air entrapped at  the 

Wave no. X!2 

ferent entropy; such a surface might be formed between a 

surface against the low hills or mountain ranges which 

of warmer maritime ~r above-the whole process prob- 
ably an entirely local phenomenon.' 
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METHOD O F  DETERMINING CEILING HEIGHTS 

The ceiling heights were determined by the use of the 
ceiling-light projector and Marvin clinometer; and care Avernge ................................................. 
was exercised to be certain that each observation was 
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BAROMETRIC OSCILLATIONS I N  CONJUNCTION WITH 
T H E  WAVES 

An examination of the barogram for January 15 
revealed a slight wavy appearance of the trace from 
6 p. m. until 9 p. m. in what was otherwise the record of a 
slowly rising barometer. A pressure oscillation was 
hardly noticeable on February 22. In both cases the 
fluctuation was less than 0.3 mb. Unfortunately the 
record of a microbarograph for these periods was not 
available; and a more thorough examination of the 
pressure fluctuations on the ordinary barogram obviously 
was impossible. 

Fluctuations of other meteorological elements, such as 
are commonly regarded as indicators of n tmospheric 
waves, wero absent. Since no rain fell during either of 
the two periods under consideration, it was impossible to 
determine whether waves of these amplitudes would 
roduce corresponding fluctuations in precipitation. 

gimple computations show, however, that any adiabatic 
cooling or heating due to the waves would be very slight 
and, therefore, any variation in precipitation from these 
causes would, of necessity, be exceedingly small. No 
periodic fluctuations in wind or temperature were ob- 
served, but such effects would not be e.xpected unless the 
point of observation were in such a position relative to the 
discontinuity that the wave surface would be first above 
and then below this point. 

MATHEMATICAL ANALYSIS OF DATA FOR FEBRUARY 22 

A theoretical discussion of the wave lengths and veloci- 
ties re uires a knowledge of upper air conditions. Unfor- 
tunate P y on January 15 the Naval Air Station a t  North 
Island (2% miles southwest of Lindbergh Field) did not 
make a morning aerographic airplane flight, nor did the 
Weather Bureau undertake the usual afternoon pilot 
balloon sounding. On February 22, however, both these 
observations were made; and although they preceded the 
time of ceiling measurements by a considerable period 
they may be utilized to give a fairly representative picture 
of the general conditions which prevailed aloft at  the time. 
The aerographic sounding made at 6 a. m. on this date 
showed a temperature of 14' C. a t  the surface, and 17' C. 
at  an elevation of 590 meters, a temperature invelsion of 
3' C. This inversion level is, of course, considerably 
above the height assumed 12 hours later, but it would 
be expected that some lowering of the discontinuity surface 
would have occurred during the intervening period. The 
pilot balloon flight made at 1:46 p. m. showed a marked 
wind discontinuity at 500 meters; but the practice of 
observing the balloon position at 180 meter intervals and 
computing by 2-minute periods tends to smooth out any 
sudden wind discontinuity, and the actual level may have 
been as much as 360 meters below that indicated. The 
upper air winds below 1,000 meters a t  the time were 
as follows: 

Surface, west _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -  1 .8  
250 meters, northwest _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  3. 8 
500 meters, northwest _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  2. 0 
750 meters, south-southwest _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0 . 8  
1,000 meters, southwest _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  3. 2 
Above this level the wind continued from the wouthwest 
and increased rapid? in velocity with elevation; it was 
southwest, 23.6 miles per second, a t  5,300 meters, the 
maximum altitude reached. 

Ncfcra  per 
aceond 

The wave length (A) of any simple transverse wave may 

7 (1) 
U X=-=U 

where U is commonl assumed, as a first approximation, 

layers, p is the frequency of oscillat,ion, and 7 the period. 
Taking on the basis of the above data the arbitrary but 
reasonable value 2U=4.0 meters per second, the wave 
length is found to be 4,452 meters. A similar value of U 
for January 15 gives a wave length of 1,896 meters on 
that date. Both these values compare favorably with 
those derived by Haurwitz (2) for pressure oscillations 
produced under similar conditions a t  Blue Hill Observa- 
tory in December 1933. 

The wave length may also be expressed in terms of 
temperature and difference in velocity (2): 

he expressed as 

I.c 

to be one-half the (9 ifference in speed between the two 

where g is gravity acceleration, TI the temperature in 
the upper layer, TI the temperature in the lower, and h the 
thickness of the lower layer or the height of the dis- 
continuit surface. lnasmuch as there is a direct linear 

equations may be replaced by p without n,ppreciable error. 
This formula should be applied when X/20>h which, from 
(l), is found to be true for February 22. The upper air data 
for 6:OO a. m. of that date give U=2.0 meters per second, 
TI=290' A, Tn=287' A, and h=158 m, but the inadmis- 
sible figure of 241 m is then found for X. Examination 
of (2) shows that X increases with either increasing U or 
decreasing AT.z Evidently then, either 2U>4.0 meters 
per second or T,-TT,J3'. The value for U seems reason- 
able under the conditions obsemed, but a smaller value 
for A T  appears proabable. Now, equation (2) can readily 
be transformed into the following (2): 

relation g etween temperature and density, T in these 

(3) 

Substituting the same value for U, taking the values 
for TI and Tz on the right as equal to 257' (the observed 
surface temperature throughout the 6-hour period), and 
the value of X derived from (l), TI-Ta is found to be 
0.9', which is an entirely reasonable figure.s On the other 
hand, from (2) or (3), 

(4) 

and substituting in this equation the values for h, T, and 
T, which were observed, namely, 158 m, 290' and 287' 
respectively, 2U is found to be 7.4 meters per second which 
is, however, too large a value under t,he observed condi- 
tions. 

1 Decreasin6 A T to a eartaln limiting value would ive negative Egures in the denomi- 
natorofequatlon (Z),renderlng values for A rneaningkss. Decreasing It still farther would 
bring Ta>TI In which case there would no longer be an inversion but a condition approach- 
ing Insbblllty, where the formulae obvious1 could not apply. 

a Actually the temperature difference wou& be slightly smaller, because the effect of 
compressibility has been disregarded, and the oscillations assumed to be simple transverse 
waves. 
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The velocity of propagation of surface waves, such as 
those between air and water, is given by 

when the depth h is small compared to the wave length; 
here, however, Ap/pI is taken as unity; in a consideration 
of internal waves formed between two similar fluid bodies, 
a correction for small differences in density must be 
applied, and according to Ekman (3), equation (5) becomes 

V= JS (5 1 

in the ratio of 1 to 2630.3. With the same ratios, sea 
waves corresponding to the atmospheric waves on Janu- 
ary 15 and February 22 would have wave lengths of 0.7 m 
and 1.7 m, respectively.” 

Helmholtz’ comparison of the internal waves fo the 
atmosphere with surface waves of the sea is, however, 
misleading inasmuch as two entirely different wave forms 
are being considered. According to McEwen and Cham- 
bers, of the Scripps Institution, if internal waves in the 
sea, such as boundary waves, be considered instead of 
surface forms, the wave lengths and the amplitudes would 
be more nearly comparable to those of atmospheric 
waves. 

in which pr is the density of the upper layer. Assuming CONCLUSION AT to be 3’ and TI to be 287O, a velocity of pro agation 

and Tl as 287.9’ a velocity of propagation of 2.1 meters 
per second is found, which checks with the computed 
velocity of 2.0 meters per second for the wave length of 
4,452 meters and period of 37.1 minutes. 

of 4.0 meters per second is found. By taking A 4! as 0.9’ Whether manifested by ceiling oscillations or by tur- 
bulent conditions aloft, the existence of atmospheric waves 
is of importance to the aerographer, the airplane pilot, 
and the airway weather forecaster. The study of at- 
mospheric waves under different meteorolo ‘cal conditions 
and as influenced by various topographica features, with 
the end in view of forecasting. their occurrence and effects, 
should prove to be of vital importance to these groups, 
and of interest to the meteorologist. Additional studres 
Of Ceihlg OSC~atiOnS, Similar to the pressure OSCfiatiOn 
studies by HaurwitZ, Stone, and Brooks (21, Clayton 
(4), Lamb (5)J  Namekawa (@, and hfw’ase (7), might 
reveal interesting facts regarding the formation and 
effects Of atmospheric Waves On iSOntrOpiC Surfaces. 

ff 
WAVES ON AIR AND WATER SURFACES COMPARED 

waves in the atmosphere and in the sea have previously 
been compared, in a general way, as to magnitude; a 
similar comparison of the energy of wave forms in the 
two media is also possible. In  any wave, two forms of 
energy occur; namely, the potentia1 energy of the de- 
formation and the kinetic energy of the motion. If, 
then, the energies of the waves in the two media are to be 
com ared, a comparison of the densities of the two fluids 
is a1 that is necessary, assuming that the velocities are 
equal, and neglecting, for the time being, the effect of 
the different compressibilities of air and water. If the 
surface of the sea be at 14’ C. (salinity 35.00) and the at- 
mosphere (d air) at 14.9’ c. (pressure 1,013.3 mb), 

REFERENCES 

(1) v. Helmholtz, H: “Uber atmosphiirische Bewegungen 11.” 
Gesammelte Abhandlungen, 1889, Bd. 3, p. 309. Trans. by 
Abbe, “The Mechanics of the Earth’s Atmosphere”, Smithso- 
nian Misc. Col., No. 843, 1891, p . 94-129. Cf. A. Wegener, 
Thermodynamik der atmosphcrre &ei zi 1911), pp. 151-165. 

(2) Haurwitz, B., Stone, R., and Brooks, 8. p.: “Microbarometric 
Oscillations at Blue Hill.” Bull. Amer. Met. SOC., Vol. 16, 
Nos. 6-7, June-July 1935 153-159. 

pheric waves observed on January 15 and February 22, verbaux Des Rednions. Conseil Permanent International 
would be insignificant ripples of amplitudes 22.8 milli- Pour L’Ex loration De La Mer. Vol. LXXVI. 
meters and 34.6 millimeters, respectively. (4) Clayton, H. f; .: “A Study of the Short, Wave-like Oscillations 

shown by the Barograph at Blue Hill Observatory.” In 
Ann. of the Aetron. Observatory of Harvard College, Vol. XL, Helmholtz (1) concludes from the principle of mechani- 

cal similarity that if waves between two air masses (with part 111, App. E. 1894, pp. 195-202. 
a temperature discontinuity of 10’ C.) and between air (6) Lamb, Horace.: “On Atmospheric Oscillations.” Proc. Royal 
and water (both at  0’ C.) are to be similar, the quantities SOC. A, Vol. LXXIV, 1911. p. 551. 

(6) Namekawa, T.: “A Study of the Minor Fluctuation of the 
Atmospheric Pressure” (I), and (11), Mem. o the Col. of Sc., 
Kyoto Imp. Unia., Ser. A, Vol. 17, 1934 and 6 01. 18, 1935. 

1 b? and - --must remain unchanged, where -a de- l--a 7t l--a n, (7) Murase, ,fJ.: “On the Effect of Topography on the Helmholtz 
Wave. Journ. Met. SOC. Japan, 2nd Ser., Vol. 12, No. 8, notes the ratio of densities on either side of the discon- p. 407; No. 11, p. 572, 1934. 

tinuity, bl and bz the velocities parallel to the surface of (8) Haurwitz, B.: “Uber die Wellenlange von Luftwogen.” Curl. 
discontinuity, and n the linear dmension. Beitr. 2. Geophysik, Bd. 34, p. 213, 1931 and Bd. 37, p. 16, 

1932. He finds that for the waves formed on these two sur- 
faces, with the same wind velocity, to be geometrically 4. The “breaking” effect commonl~ observed in water wave3 at shallow depths was not 
similar, the wave length of the air wave must be increased evident. i t  appears thnt the slopes of the curves in figs. 1 and 2 are as often steeper in the 

posterior portions as otherwise. 

Y 

the ratio of 7 ensities is 1 :0.001. It follows that waves 
formed on a level sea surface, corresponding to the atmos- (3) Ekman, v. w.: internal waves.,l In Rapports et procss- 

u biz -.- 

WEATHER OF 1936 IN THE UNITED STATES 
By J. P. KOHLER 

Weather Bureau, Washington, D. C., February 19371 

The weather during the year 1936 was characterized by 
marked extremes in temperature and precipitation. Un- 
paralleled prolonged periods of subzero temperatures 
obtained in many Western States in the early months of 
the year followed by unprecedented drought conditions 
during the summer months. 

January and February 1936 brought the most severe 
weather ever experienced to several States in the north 
and middle sections of the Mississippi and Missouri Val- 

leys; also locally in parts of the Ohio Valley. In  the 
month of January only six States, namely, California, 
Colorado, Nevada, Oregon, Utah, and Washington had 
average temperatures above normal. The greatest nega- 
tive departures were centered in the northern portions 
of the Missouri and Mississippi valleys. The mean tem- 
perature for North Dakota was -5.8’, or 12.1’ below 
normal; likewise in Minnesota the departure from normal 
was -10.8’; South Dakota, -10.2’; Iowa, -9.0’; and 


